Notch sensitivity in a 3D woven E-glass/epoxy composite investigated by using Digital Image Correlation by Trevisan, Alberto
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Table 1.1: Classifications of fiber composites [1]. 
Type Reinforcement system Textile construction Fiber length Fiber orientation Fiber entanglement 
1 Discrete Chopped fibers Discontinuous Uncontrolled None 
2 Linear Filament yarn Continuous Linear None 
3 Laminar Simple fabric Continuous Planar Planar 
4 Integrated Advanced fabric Continuous 3D 3D 
Table 1.2: Composites classification [1]. 
 
 
 Figure 1.1: Loom example for traditional waving.   
 
 
 
 
 
Figure 1.2: Waving process steps.  
• 
• 
 Figure 1.3: Examples of 2D woven fabrics.  
 Figure 1.4: In-plane and through-thickness modulus  comparison of a generic 2D composite. 
Figure 1.5: Figure : In-plane and through-thickness strength comparison of a generic 2D composite. 
 
  
 
 Figure1.6: Example of thr braiding techniques, (a) two-step 3D braiding and (b) four-step 3D 
braiding with their resulting fabric structures. 
• 
• 
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• 
• 
• 
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 Figure 1.7: (a) weft knitting and (b) warp knitting.  
• 
• 
• 
• 
• 
• 
• 
• 
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 Figure 1.8: Section of a stitched composite.  
• 
• 
• 
• 
• 
• 
• 
• 
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 Figure 1.9: Z-pinning insertion using the autoclave method. 
 
 Figure 1.10: Schematics of the process to create an NCF composite. 
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(a)                                                                                 (b) 
Figure 1.11: (a)Through-thickness interlock, (b) Warp yarns added 
 Figure 1.12: Representation of 3D interlock weave; (a) angle interlock 3D weave and (b) warp 
interlock 3D weave.  
 
 Figure 1.13: Schematic representation of a 3D orthogonal fabrics. 
 
Figure 1.14: On the left the ordinary orthogonal wave, on the right the so called enhanced 
orthogonal wave. 
• 
• 
• 
• 
• 
• 
• 
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 Figure 1.15: First stage of the 3TEX weaving method. 
 
Figure1.16: Seconfd stage of the 3TEX weaving method. 
 
Figure 1.17: Third stage of the 3TEX weaving method. 
 Figure 1.18: Rapresentation of the yarn positioning from 3TEX. 
 
• 
 
Figure 1.19: Ideal (a) and real (b) z-binder profiles for 3D non-crimp orthogonal fabrics.  
• 
 Figure 1.20: Lateral profile of a z-binder taken from a scanning electron microscope, showing the 
sinuisodal shape. The resin rich regions between the weft tows are also visible.  
 
Figure 1.21: Vertical view of a section, showing the polymer-rich channels in the space where the 
z-binders are. 
• 
• 
  Figure 1.22: Schematics of a 3D orthogonal woven external section, where it is 
represented the indentation generated by the z-binder on the weft yarns. 
• 
  
 
 
 
 
Figure 1.23: variation of the z-yarns volume fraction (left) and total volume fraction (right) as a 
function of the yarn size 
 Figure 1.24: In-planes and through-thickness moduli variation as function of z-yarn size. 
 
Table 1.3: Comparative study of different types of 3D composites [2] 
Material E+ warp E+ weft UTS+ warp UTS+ weft UTS- warp UTS- weft 
3Dinter / 2D 0.74 0.88 0.67 0.62 0.56 0.74 
3Dorth / 2D 1.11 0.95 1.10 1.02 1.06 0.99 
3Dorth / 3Dinter 1.50 1.08 1.64 1.64 1.89 1.34 
 Figure 1.25: 3D orthogonal weave (left) and 2D plain wave (right). 
Table 1.4 : Average data with stadard deviation from quasi-static mechanical tests [9]. 
Material E [GPa] Ultimate Stress [MPa] Ultimate Strain [%] 
3D warp 26.34 ± 0.63 540 ± 20 2.92 ± 0.05 
3D weft 26.39 ± 0.76 441 ± 26 2.41 ± 0.13 
2D plain wave 24.68 ± 1.51 427 ± 23 2.45 ± 0.18 
3D warp / 2D 1.07 1.26 1.19 
3D weft / 2D 1.07 1.03 0.98 
 Table 1.5: Results of the tensile tests reported in [5]. 
Material Direction E [GPa] E (50%Vf) ν UTS (MPa) 
UTS (50% 
Vf) 
Ultimate 
strain (%) 
3D-96 
Warp 24.3 ± 1.2 24.6 ± 1.2 0.143  429 ± 34 435 ± 34 2.74 ± 0.29 
Weft 25.1 ± 2.3 25.5 ± 2.3  0.128 486 ± 5 493 ± 5 3.33 ± 0.27 
Bias 12.9 ± 0.5 - 0.508 124 ± 5 - 14.1 ± 0.4 
3D-78 
Warp 23.0 ± 2.5 24.2 ± 2.6 0.115 423 ± 29 446 ± 29 2.96 ± 0.51 
Weft 23.0 ± 2.5 25.7 ± 1.6 0.149 427 ± 8 450 ± 8 3.14 ± 0.44 
Bias 13.4 ± 0.8 - 0.861 118 ± 14 - 14.3 ± 1.0 
2D 
Warp/Weft 26.0 ± 1.5 24.8± 1.5 0.207 413 ± 4 394 ± 4  2.38 ± 0.02 
Bias 12.2 ± 0.4 - 0.666 109 ± 6 - 9.7 ± 0.4 
• 
• 
• 
 

  
 
 
Figure 1.26: Strength reduction in a composite plate for notch sensitivity or notch insensitivity. It is 
visible the hole size effect for big hole sizes for unidirectional laminates, they presents a notch 
insensitivity behaviour for small hole sizes, while for big hole size their behaviour is closer to the notch 
sensitivity.   
 Figure 1.27: Notch sensitivity behaviour of the hybrid carbon-glass 3D woven composite, the notch 
insensitivity is represented by the dotted line. [11] 
Table 1.6: Quasi static opne-hole test results. 
Material Φ (mm) Notched strength (MPa) 
Un-notched strentgh 
(MPa) 
3D orthogonal 
4.1 1145.71 
1358 
12.5 1093.98 
3D angle interlock 
4.1 1265.01 
1280.99 
12.5 1201.87 
 
 Figure 1.28: Results of the notch sensitivity investigation with different holes sets.  
  
 
Figure 1.29: Traking of a pixels subset during the deformation. 
  
• 
• 
• 
• 
• 
 
Figure 1.30: Comparison of different types of patterns that could be used in the DIC technique. 
 
 Figure 1.31: Image acquisition at diffenert angles to calibrate the system.  
 
 Figure 1.32: Schematics of a monocular apparatus, where is indistinguishable if an object is 
deforming or moving into space in the camera direction. 
 Figure 1.33: Correlation coefficient distribution over a region of the deformed image.  
 Figure 1.34: Visualization of the subset in the undeformed image and in the one after the 
deformation. 
 Figure 1.35: Subset deformation with change of shape from a squared one to a parallelogram.  
 
Figure 1.36: Graphical visualization of the pixel interpolation area. 


 Figure 1.37: Subset deformation with change of shape from a squared one to a parallelogram 

  
Figure 1.38: Stereo-trianguation of an object edge. 
 


  
 
Table 2.1: Geometrical properties of the 3D-96 from 3TEX. 
Area weight  96.6  3.28  
Thickness 0.10 in 2.54 mm 
Material  Hybron 2022 silane sized E-glass 
Table 2.2: Yarn properties of the 3D-96 from 3TEX. 
Characteristic Warp direction Weft direction Z-yarns 
Yarn type E-glass roving E-glass roving E-glass roving 
Weight (%) 47.6 48.5 3.9 
N° layers 3 4 / 
Areal density (  3255 
Insertion density 2.76 ends/cm 2.64 picks/cm 2.76 ends/cm 
Yarns (tex) 
Top and bottom: 2275 
1470 1800 
Middle layers: 1100 
 
Table 2.3: Resin components weights for the wet lay-up process.  
Component Epoxy resin  Hardener Accelerator 
Weight (g) 200 120 8 
 Figure 2.1: (a) the fabric is first cut from the roll using a pizza-cutter, (b) the three components of the 
resin are here depicted.  
 Figure 2.2: (a) the resin is stirred in a metal baker containing hot water for at least 10 min, (b) then it 
is degassed for an hour at -1 bar. 
  
Figure 2.3: (a) Plastic sealant used to contain the resin excess, (b) glass lates which need to be 
covered by a wax layer, (c) containing structure with the plastic sealant applied, (d) a layer of melinex 
is placed on the structure inside of which will be put the cloth.  
 Figure 2.4: (a) glass and metal plate heated inside the oven, (b) beker with the resin at the end of the 
degassing process.  
 Figure 2.5: (a) the structure is placed inside the vacuum box as first thing, (b) the cloth is placed inside 
it and the resin is poured homogenously, (c) the vacuum box is closed and the vacuum pump is linked, 
(d) when the infusion process is ended a layer of Melinex is placed at the top and the air trapped 
under it is removed with a piece of plastic.  
• 
• 
• 
 
Figure 2.7: Scheme of the curing cycle. 
• 
• 
 
Figure 2.6: Composite inside the oven during the curing cycle with the weights on top. 
• 
• 
• 
• 
• 
• 
• 
 
 Figure 2.8: On the right can be seen the cups with the lid, inside them there are the samples and can 
be also seen the balance used. On the left there is the the furnace with the suction system for the 
fumes. 
Table 2.4: Densities of the epoxy resin 
components. 
Density 
Fibers 2,57 g/cm3 
Epoxy 1,16 kg/L 
Hardener 1,232 g/mL 
Accelerator 0,97 g/mL 
matrix 1,182 g/mL 
  
Figure 2.9: Specimen geometry cut in the warp direction. 
 Figure 2.10: The end tabbing procedure is here reported. a) the surface of both the specimen and the 
tabs are scratched with sandpaper, b) some Melinex strips are placed on the bottom of the clamp and 
between every specimen and the metal plates, c) the clamo is then thightened, d) upper view of the 
specimens in the clamp. 
 
 Figure 2.11: Final result of the strain gauging procedure. Two gauges are placed, one of them for the 
Poisson’s ratio measurament.  
 
  
 
 Figure 2.12: (a) Working enviroment with fumes cupboard, (b) speciment after the application of the 
white background, (c) spray painting of the black speckle pattern 
 
Figure 2.13: Specimens after the application of the speckle pattern, (a) specimen with strain gauge and 
with the papaer covers to protect the end tabs, (b) final result with the end tabs visible for a speciment 
with the same hole size without the strain gauge.  
 Figure 2.14: Sigma-plot of the two cameras during a preparation phase for the test. 
  
Figure 2.15: Digital Image Correlation system during a tensile test. 
 Figure 2.16: Overall set-up of a Digital Image Correlation system as the one used in the present work 
[15]. 
• 
• 
• 
 
 Figure 2.17: In the right image can be seen the effect of the aperture of the diaphragm, focusing 
the image with a small DOF permits to center the focal plane correctly on the midplane of the 
object. After closing the aperture, the focal plane remains in its position but the other 
parameters are taken back to the values for the test. 
 
 
 
 
 
 Figure 2.18: This picture show the different configurations that can be seen during the calibration of a 
DIC system. 
 
 
 Figure 2.19: Digital Image Correlation system under calibration.  
 
 
 
Figure 2.20: Specimen cutting using an hand saw. 
 Figure 2.21: This image shows the prepared samples where it also visible the blot to prevnt the 
composite samples to float.  
 Figure 2.22: Struers LabPol-21 machine. 
Table 2.5: Grinding schedule. 
Grinding 1 2 3 4 
Disc Abrasive paper Abrasive paper Abrasive paper Abrasive paper 
Grinding media SiC SiC SiC SiC 
Grain size 600 / 800 1200 2500 4000 
Lubrican water water water water 
Pressure [N/sample] 15 15 15 15 
Speed [rpm] 300 300 300 300 
Time [s] [min] As required As required 2 x 30s 2 x 30s 
Table 2.6: Polishing schedule. 
Polishing 1 2 
Disc/Cloth MD-DUR MD-DUR 
Grinding media Diamond Diamond 
Grain size 3  1  
Lubrican Blue Blue 
Pressure [N/sample] 15 15 
Speed [rpm] 150 150 
Time [s] [min] 5 min 5 min 
 Figure 2.23: The ATM Saphire 520 machine is here depited, at the right can be seen also the diamond 
suspension and the blu lubricant. 
   
Figure 2.24: On the right a Zeiss AxioPhot and on the left a Keyence VHX-5000 optical microscope. 
 
  
Figure 2.25: On the right a Jeol JBM-7100F and on the left an Hitachi S-3200N scanning electron mictroscope.  
 Figure 2.26: A typical scanning electron microscope architecture.  
 

  
 Figure 3.1: Schematics of a 3D-96 fabric, the different yarns terminology and directions are explained. 
 
Figure 3.2: Section plane convention to describe the composite architecture.  

 Figure 3.3: Weft tows distance (B-B plane). 
 
Figure 3.4: Weft tows distance (A-A plane). 
 Figure 3.5: Z-binders distance (C-C plane). 
 
Figure 3.6: Weft tows distance (C-C plane). 
Table 3.1 : Micostructural parameters comparison of the yarn distances (theoretical values from [9]).  
 Theoretical distance [mm] Experimental distance [mm] 
Warp 3.6  3.66 
Weft  3.8  3.76 
Z-yarns 3.6  3.64 
Table 3.2 : Linear density of the yarns [9].  
 Warp Weft Z-yarns 
Tex 
Top and bottom: 2275 
1470 1800 
Middle layers: 1100 
 Figure 3.7: Weft tows thickness with z-yarn measures (C-C plane).  
 
Figure 3.8: Weft tows thickness (B-B plane).  
 Figure 3.9: Warp tows thickness (A-A plane).   
 
 
Figure 3.10: Air inclusion examples in a 3D-96 composite. 
 
Figure 3.11: Other defect examples in a 3D-96 composite. 

  
Figure 3.12: Uninfused areas examples in a 3D-96 composite (upper image) and in a thick 3D 
composite (lower image). 

 
 Figure 4.1: Strain gauges set-up used in these tests. 
 
Figure 4.2: Schematics of a theoretical 3D-96 unit-cell (measures in millimeters). 

 Figure 4.3: On the left is depicted the position of the 5 areas considered over the speckle pattern, on 
the right the same image over the strain plot befor failure. 
 
Figure 4.4: Plot of the strain values for every image during the quasi-static tensile test and 
comparison with the values given by the gauge.  
 Figure 4.5: On the left is depicted the position of the 4 areas considered over the speckle pattern, on 
the right the same image over the strain plot befor failure. 
 Figure 4.6: Plot of the strain values for every image during the quasi-static tensile test and 
comparison with the values given by the gauge. 
  
Figure 4.7: On the left is depicted the position of the 4 areas considered over the speckle pattern, on 
the right the same image over the strain plot befor failure. 
 
Figure 4.8: Plot of the strain values for every image during the quasi-static tensile test and 
comparison with the values given by the gauge. 
 Figure 4.9: Rectangles position over the specimen, half of the unit cell side size were used.  
 
Figure 4.10: Strains for the five half-sided areas comaperd with the average one. 
 Figure 4.11: Rectangles position over the specimen, a quarter of the unit cell side size were used. 
 
Figure 4.12: Strains for the five quarter-sided areas compard with the average one. 
Table 4.1: Average strain values taken at different stages during the test 
for one cell-sides virtual strain gauge. 
 1 cell side 
  
Pic R0 R1 R2 R3 R4 Ave StDev 
20 0,548 0,541 0,533 0,553 0,536 0,542 0,007 
40 1,239 1,189 1,207 1,224 1,235 1,219 0,019 
60 1,986 1,960 1,933 1,961 1,929 1,954 0,021 
Table 4.2: Average strain values taken at different stages 
during the test for two cell-sides virtual strain gauge. 
 2 cell side   
Pic R0 R1 R2 R3 Ave StDev 
20 0,543 0,539 0,547 0,541 0,542 0,003 
40 1,244 1,234 1,236 1,214 1,232 0,011 
60 1,962 1,964 1,955 1,956 1,959 0,004 
Table 4.3: Average strain values taken at different stages 
during the test for three cell-sides virtual strain gauge. 
 3 cell side   
Pic R0 R1 R2 R3 Ave StDev 
20 0,553 0,541 0,538 0,544 0,544 0,005 
40 1,269 1,256 1,236 1,230 1,248 0,016 
60 2,046 1,975 1,961 1,950 1,983 0,038 
Table 4.4: Average strain values taken at different stages during the test 
for a virtual strain gauge with half a unit-cell side. 
 0.5 cell side 
  
Pic R0 R1 R2 R3 R4 Ave StDev 
20 0,528 0,534 0,529 0,536 0,569 0,539 0,015 
40 1,175 1,165 1,291 1,200 1,358 1,238 0,075 
60 1,945 1,959 2,029 1,970 2,099 2,000 0,057 
Table 4.5: Average strain values taken at different stages during the test 
for a virtual strain gauge with a quarter unit-cell side. 
 0.25 cell side 
  
Pic R0 R1 R2 R3 R4 Ave StDev 
20 0,453 0,602 0,476 0,617 0,497 0,529 0,067 
40 1,064 1,198 0,974 1,700 1,346 1,257 0,255 
60 1,580 1,952 1,469 2,546 2,086 1,927 0,384 
 

  
Table 5.1: Z-binders distance calculated in the DIC image and in the optical microscopy considering 
the specimen in Figure . 
 DIC Microscopy 
Specimen width [pixels] 502  9690 
z-binders distance [pixels] 139 2868 
Ratio 139/502≅ 0.28 2868/9690≅ 0.29 
 
 
 
Figure 5.1: Correlation between DIC results and optical microscopy concerning the z-binders (Plain no gauge - Specimen 1). 
 Figure 5.2: Correlation between DIC results and optical microscopy concerning the z-binders (2.5mm - spec 3). 
  
Figure 5.3: Transversal strain pattern shown in the early stages of the quasi-static test where is visible 
the relation between weft tows and low strains. 
 
 Figure 5.4: Positions of the the points where the punctual strains are extracted (Plain specimen 1). 
 
 Figure 5.5: Strain distribution at two different average strain levels (Plain specimen 1). 
Table 5.2: Strain Magnification factor calculation for the first specimen. 
 
Strain level 
[  
Average strain eyy = 0.00305 Average strain eyy = 0.00163 
Point Point 1 Point 2 Point 3 Point 1 Point 2 Point 3 
Microstrain 0,003704 0,003480 0,003485 0,002147 0,001886 0,001868 
SMF 1,2152 1,1416 1,1432 1,3178 1,1577 1,1467 
Average 1,1870 
StDev 0,0637 
 
Figure 5.6: Positions of the the points where the punctual strains are extracted (Specimen 2.5 mm 
hole). 
  
 
Figure 5.7: Strain distribution at two different average strain levels (Specimen 2.5 mm hole). 
Table 5.3: Strain Magnification factor calculation for the first specimen. 
Strain level 
[  
Average strain eyy = 0.00305 Average strain eyy = 0.00156 
Point Point 1 Point 2 Point 1 Point 2 
Microstrain 0,00417 0,00417 0,00202 0,00196 
SMF 1,2752 1,2232 1,2933 1,2573 
Average 1,2623 
StDev 0,0259 
 Figure 5.8: Example of fiber diameters and rectangular area to calculate the fiber volume fraction. 
Table 5.4: Strain Magnification factor calculation for the second specimen. 
 
Sample 1 2 3 
Total area [  18574.89 19307.92 17342.29 
Fiber number 47.5 53.75 40.75 
Fibers area [  14922.56 16886.06 10369.61 
Vf [%] 0.713 0.776 0.655 
 
 
Figure 5.9: Usual method of estimation of Strain Magnification Factor in the classical theory. 
 
  
  
   
2r 
   
   
   
   
        
          
Real geomtry: 
 
Idealized geometry: 
Figure 5.10: Comparison between the internal geometry of the woven composite and the idealized 
one. 
 Figure 5.11: Semi-area calculation in a weft tow . 
 
Figure 5.12: Simplified geometry used with equivalent tow area.  
Table 5.5: Claculation of the correction factor for the idealized model. 
 
 Area  [  h [µm] l [µm] SMF α 
Area 1 406845.88 528.0 770.5 1.373 0.89 
Area 2 421460.77 484.4 870.0 1.443 0.81 
Area 3 483482.20 466.5 1036.4 1.577 0.77 
Area 4 463727.87 430.6 1076.9 1.613 0.76 

  
Table 6.1: Results of the preliminary investigation on eight samples under quasi-static tensile test. 
VARTM a/w UTS [MPa] W  [mm] t  [mm] A  [mm2] 
I w (±) 
(95%) 
I t (±)   
(95%) 
I A (±) 
(95%) 
Plain - no 
gauge 
/ 410.46 24.89 2.54 63.30 0.06 0.05 1.31 
Plain - 
gauge 
/ 414.04 24.96 2.48 61.91 0.15 0.02 0.88 
2.5mm - 
spec 2 
0.1 340.10 25.01 2.49 62.35 0.08 0.02 0.78 
2.5mm - 
spec 3 
0.1 377.56 24.89 2.49 62.07 0.20 0.02 1.09 
5mm - no 
gauge 
0.2 330.968 24.91 2.52 62.68 0.16 0.03 1.18 
5mm - 
gauge 
0.2 292.48 25.07 2.52 63.25 0.18 0.05 1.74 
10mm -
spec 5 
0.4 203.52 24.92 2.51 62.56 0.08 0.02 0.71 
10mm - 
spec 6 
0.4 221.96 25.00 2.54 63.57 0.04 0.12 3.16 
 Figure 6.1: Plot of normalised residual strength against normalised hole; the solid line shows the 
predicted response assuming notch insensitivity (VARTM). 
 
Table 6.2: Densities and ratio of the mixture 
components, with the final density value for the 
matrix.  
Density Ratio 
Epoxy 1.16 kg/L 100 
Hardener 1.232 g/mL 60 
Accelerator 0.97 g/mL 4 
Matrix 1.182 g/mL  
Fibers 2.57 g/cm3  
Table 6.3: Burn-off measurements on the first laminate with the resulting average 
fiber volume fraction and its standard deviation. 
Before bur-off Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 
cup  [g] 46.157 48.093 45.652 46.0835 51.281 
cup+specimen [g] 48.222 49.935 47.508 47.938 53.176 
specimen [g] 2.065 1.842 1.856 1.8545 1.895 
After burn-off Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5   
Cup+specimen [g] 47.475 49,322 46.820 47.272 52.622   
fibers [g] 1.318 1.229 1.168 1.189 1.341   
matrix [g] 0.747 0.614 0.688 0.666 0.554   
      Aver StDev 
Vf 0.45 0.48 0.44 0.45 0.53 0.469 0.032 
Table 6.4: Burn-off measurements on the second laminate with the resulting average 
fiber volume fraction and its standard deviation. 
  
Before burn-off Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5   
cup  [g] 46.157 48.093 45.653 46.083 51.281   
cup+specimen [g] 48.241 50.128 47.665 48.118 53.335   
specimen [g] 2.084 2.035 2.012 2.035 2.054   
After burn-off Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5   
cup+specimen [g] 47.54 49.42 46.931 47.477 52.63   
fibers [g] 1.383 1.327 1.278 1.394 1.349   
matrix [g] 0.701 0.708 0.734 0.641 0.705   
        
      Aver StDev 
Vf 0.48 0.46 0.44 0.50 0.47 0.470 0.018 
 
 Figure 6.2: A plane specimen, tested to characterize the material with the presence of two strain 
gauges, is here presented. 
 Figure 6.3: Example of a quasi-static tensile test until failure for a specimen loaded in warp direction. 
Table 6.5: Mechanical properties for 3D.96 composite. 
 
 E [GPa] ν UTS [kN] [MPa]  (%) 
Plain 1 24.53 -0.135 29.55 461.03 2.692 
Plain 2 26.28 -0.126 28.14 436.73 2.373 
Plain 3 24.53 -0.125 27.11 416,26 2.735 
Average 25.11 -0.128 28.27 438.01 2.60 
Standard deviation 0.825 0.005 0.999 18.301 0.161 
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Table 6.6: Mecanical properties comparison between test result obtained in this work and literature 
data. 
 
 E [GPa] ν [MPa]  (%) 
This work  25.11 ± 0.825 -0.128 ± 0.005 438.01 ± 18.301 2.60 ± 0.161 
Lomov et al. 24.3 ± 1.2 -0.143 ± 0.159 429 ± 34 2.74 ± 0.29 
Novello (2014) 26.2 ± 1.3 / 470 ± 34 2.54 ± 0.33 
Table 6.7: Quasi-static tensile test results  for wet lay-up specimens. 
Wet lay-up a/w 
UTS 
[MPa] 
t [mm] w [mm] A [mm2] 
I w (±) 
(95%) 
I t (±)   
(95%) 
IA (±) 
(95%) 
2.5mm 
Specimen 1 0,1 325,33 2,65 24,98 66,291 0.21 0.03 1.34 
Specimen 2 0,1 325,92 2,56 24,95 63,961 0.13 0.03 1.11 
Specimen 3 0,1 331,99 2,61 24,92 64,972 0.12 0.03 1.08 
5mm 
Specimen 4 0,2 329,98 2,50 24,73 61,913 0.23 0.03 1.33 
Specimen 5 0,2 313,66 2,44 24,61 59,96 0.55 0.02 1.92 
Specimen 6 0,2 274,63 2,53 24,92 62,96 0.10 0.01 0.55 
7.5mm 
Specimen 7 0,3 276,39 2,39 24,48 58,59 0.23 0.05 1.80 
Specimen 8 0,3 244,08 2,33 24,85 57,82 0.12 0.06 1.82 
Specimen 9 0,3 237,59 2,63 25,03 65,82 0.26 0.04 1.57 
Plain 
Plain 1 / 461,03 2,52 25,40 64,10 0.06 0.05 1.45 
Plain 2 / 436,73 2,58 24,94 64,43 0.04 0.07 1.87 
Plain 3 / 416,26 2,61 24,96 65,14 0.07 0.04 1.20 
 Figure 6.4: Plot of normalised residual strength against normalised hole; the solid line shows the 
predicted response assuming notch insensitivity (Wet lay-up). 
Table 6.8: Tests results presented by Farik (2015) 
ona five layers 3D woven composite.  
3D-78 “Farik” a/w UTS [MPa] 
Plain / 443 
2.5mm 
0.1 354 
0.1 374 
0.1 412 
5mm 
0.2 304 
0.2 285 
0.2 340 
10mm 
0.4 235 
0.4 213 
0.4 239 
 
Figure 6.5: Plot of normalised residual strength against normalised hole for the tests on a 3D-96 and a 
3D-76 woven composite both manufactured using the wet lay-up technique; the solid line shows the 
predicted response assuming notch insensitivity 
Table 6.9: Experimental results for the strenght of the notched specimens with 
their standard deviation. 
2D 8-harness satin 
“Belmonte” 
a/w Lay-up UTS [MPa] 
Plain / (0/90/±45)s 291 
2.5mm notch 0.1 
(90/0/±45)s 168.5 ± 0.5 
(0/90/±45)s 183.9 ± 4.3 
5mm notch 0.2 
(90/0/±45)s 141.0 ± 2.0 
(0/90/±45)s 150.7 ± 4.0 
7.5mm notch 0.3 
(90/0/±45)s 102.5 ± 0.5 
(0/90/±45)s 111.5 ± 1.7 
 Figure 6.6: Notch sensitivity comparison between the 3D-96 composite analysed in this work and a 2D 
composite presented in literature [19]. 
 
 

 
 
 
Figure 6.7: Resulting images from the DIC investigation on the plain specimen without the presence of a strain gauge, 
with some crosses are reported the transverse matrix cracks, with a circe the area of  final failure.  
 
Figure 6.8: Resulting images from the DIC investigation on the plain specimen with the presence of two strain 
gauges, with some crosses are reported the transverse matrix cracks, with a circe the area of  final failure.   
 Figure 6.9: Stress-strain graph of the second plain speciment presented recorded with an axial strain 
gauge tested in warp direction. 
Table 6.10: Data resulting from the test on the second plain specimen provided with two strain gauges, 
one longitudinal and one transversal. The measures are related to the warp direction.  
Ultimate Tensile Strength 
[MPa] 
Ultimate Tensile Strain 
[%] 
Young’s modulus [GPa] Poisson’s coefficient 
422 2.2 26.6 ~ -0.13 
 
 
 
Figure 6.10: Resulting images from the DIC investigation on a specimen with a 2.5mm hole, referred as specimen 
2. 
 Figure 6.11: Resulting images from the DIC investigation on a specimen with a 2.5mm hole, referred as specimen 3. 
 
 Figure 6.12: Resulting images from the DIC investigation on a specimen with a 5mm hole without the presence of 
a strain gauge. 
 
Figure 6.13: Points where the strains around the hole are taken for the VARTM laminate.  
 Figure 6.14: Polar graph of the strains around the hole for the first 5mm notched VARTM sepecimen. 
 Figure 6.15: Resulting images from the DIC investigation on a specimen with a 5mm hole with the presence of a 
strain gauge near the hole. 
 
Figure 6.16: DIC result before failure for the second 5mm notched VARTM specimen.  
 Figure 6.17: Polar graph of the strains around the hole for the second 5mm notched VARTM 
sepecimen. 
 
  
Figure 6.18: Resulting images from the DIC investigation on a specimen with a 10mm hole (Specimen5). 
  
Figure 6.19: Resulting images from the DIC investigation on a specimen with a 10mm hole (Specimen 6). 
  
 Figure 6.20: The notched specimens tested are here shown, on the right are presented the three diferent 
types of notched specimes for the notch sensitivity analysis (a) (b) (c), on the centre are shown the 2D woven 
and the aluminium coupons with a 5mm central hole (d) (e). 
 
 Figure 6.21: DIC resulting images on a wet lay-up 2.5mm  notched specimen, can be noticed the relationship between 
the markers on the left of every specimen with the low strain lines pattern.  
 Figure 6.22: Strains around the hole and final failure position investigation on a wet lay-up 2.5mm 
notched specimen. Black dashed lines represent the resin channels between weft tows, while the 
black marks on the specimen left edge are positioned over the weft tows.   
 
 Figure 6.23: DIC resulting images on a wet lay-up 5mm  notched specimen, can be noticed the relationship between the 
marks on the left of every specimen with the low strain lines pattern. 
 Figure 6.24: Strains around the hole and final failure position investigation on a wet lay-up 5mm 
notched specimen. Black dashed lines represent the resin channels between weft tows, while the 
black marks on the specimen left edge are positioned over the weft tows.    
 
 
 Figure 6.25: DIC resulting images on a wet lay-up 7.5mm notched specimen. 
Figure 6.26: Strains around the hole and final failure position investigation on a wet lay-up 7.5mm 
notched specimen. Black dashed lines represent the resin channels between weft tows, while the 
black marks on the specimen left edge are positioned over the weft tows.   
 
 

 Figure 6.27: DIC resulting images on a 8-harness satin weave 2D composite with a 5mm hole . 
 
 
Figure 6.28: Strains around the hole and final failure position investigation on a 8-harness satin 
weave 2D composite with a 5mm notch.  
Table 6.11: List of the material properties 
used in the FE program [28]. 
 [GPa] 21.5 
 [GPa] 21.5 
 [GPa] 8.55 
 [GPa] 3.7 
 [GPa] 3.5 
 [GPa] 3.5 
 0.185 
 0.0305 
 0.075 
 
Figure 6.29: On the left it is depicted the areas division utilized, on the right can be seen a detail of the 
mesh around the hole.  
 
Figure 6.30: Strain pattern comparison for the 2D 8-harness satin weave modeled using a finite elemen model and 
analysed using DIC at an average strain level of 0.14%. 
 Figure 6.31: Polar plot of the strain in Y direction (direction of loading) measured using DIC and a 
numerical model in the quarter of graph between 0°-90°. 
  
   
  
Figure 6.32: Strain distribution in a notched aluminium specimen with a 5mm hole in the elastic region, in 
the last pictures the specimen has already reached the plasticity around the hole. 
 
 
Figure 6.33: Strains around the hole and final failure position investigation on a aluminium specimen 
with a 5mm central notch. 
Table 6.12: Material properties implemented in the 
finite element model for the aluminium specimen.  
E [GPa] 70 
 0.34 
 
Figure 6.34: Mesh used during the calculation and areas division.  
 
Figure 6.35: Comparison of the strain pattern calculated with the finite element software and with 
the use of the DIC when the whole specimen is in the elastic region at an average strain level of 
0.06%.  
 Figure 6.36: Polar plot of the strain in Y direction (direction of loading) measured using DIC and a 
numerical model in the quarter of graph between 0°-90°.  


 Figure 7.1: In this picture, are visible both the faces of the plain specimens tested for the damage 
investigation, the presence of the strain gauge is to monitor the average strain during the test to 
trigger the stop. 

 Figure 7.2: Red line formation on a DIC image (a), representing the sudden formation of a matrix 
cracks as it can be seen in, where two consecutive DIC images, taken at 0.05mm distance, are 
shown (b).     
 
Figure 7.3: Stress-strain curve for this test, it is possible to notice the point where the test was stopped, 
which is the point  in the right image, taken from [5], representing the damage acustic emission 
measurement on a 3D specimen.   
 Figure 7.4: Photograhy of a transverse matrix crack at 0.7% strain. 
 Figure 7.5: Matrix crcks inside the resin gaps between weft tows, images taken at 0.7% strain.  
 Figure 7.6: DIC image of the composite at 2.0% average strain level and stress-strain plot of the 
interrupted test under analysis. 
 Figure 7.7: Photography of the damage that is visible in a specimen tested before failure 
 
 
Figure 7.8: (a) Optical microscopy showing a crack inside a weft tow, (b) SEM microscopy depicting a 
matrix crack that provokes a local-debonding between fibres and the resin and SEM microscopy 
showing again a crack starting from a z-crown (c).  
 Figure 7.9: (a) optical microscopyshowing cracks in a resin gap between weft tows, (b) SEM 
microscopy of the same area and (c) SEM microscopy where is visible a detail of (b).  
 Figure 7.10: (a) SEM microscopy showing a transverse resin crack approaching a warp tow, (b) a 
detail of (a) of the local debonding induced, (c) SEM microscopy of a debond between warp fiber and 
resin caused by a transverse crack and (d) SEM microscopy depicting the principle of fiber failure.  
  
Figure 7.11: Matrix cracks inside a weft to (a) and another example of it a more enlrged pic (b). 
Cracks are present not only in the resin gap but also inside a weft tow, as here depicted.  
 Figure 7.12: Cutting lines showing the width of the specimen for the microscopy, the arrows indicate 
the direction of observation.  
 
Figure 7.13: DIC results before failure obtained from the test on Specimen 1 (left) and specimen photograpy after 
the test (right). 
 Figure 7.14: Optical microscopy of a notched specimen before failure.  
 
Figure 7.15: SEM microscopies of a notched specimen, can be seen the crack progression inside a weft 
tow causing local debonding.  
 Figure 7.16: DIC results before failure obtained from the test on Specimen 2 (left) and photography of the 
test stopped before failure (right). 
 Figure 7.17: Matrix cracks inside a weft tow seen in an optical microscopy (a) and a detail of warp 
fibers cracks in a SEM microscopy starting fiber failure in a warp tow (b).  
 Figure 7.18: Detail of a transverse crack passing through weft tows and causing fibre failure (a)  and 
in SEM microscopy of the failure (b).  








  
Figure A1.1: Picture of the first laminate produced. 
  
Figure A1.2 : Picture of the second laminate produced. 
 
 
Figure A1.3: Picture of the third laminate produced. 
 
 
Figure A1.4: Picture of the fourth laminate produced. 
  
Figure A1.5: Picture of the fourth laminate produced. 

 Figure A2.1: Quasi-static tensile test number 1 for the mechanical properties characterization.  
 
Figure A2.2: Quasi-static tensile test number 2 for the mechanical properties characterization.  
   
Figure A2.3: Quasi-static tensile test number 3 for the mechanical properties characterization.  
 Fig A3.1: Areas for fiber volume fraction calculation (details in §5.4). 
 
Figure A3.2: Tow areas to calculate the length of the idealized squared area in the Strain Magnification model 
(details in §5.4). 

Table A4.1: Elasti properties used during the modeling.  
Epoxy resin 
E [GPa] 4 
 0.4 
Resin impregnated fibre 
 12 
 [GPa] 0.3 
 
Figure A4.1 : On the left the areas with which are modeled the geometry of a unit-cell as the idealized geometry of 
the  Strain Magnification Factor calculation, on the right a detail of the used mesh.  
 
Figure A4.2: Plot of the strain field in X direction, which is the direction of the applied load.  
 Figure A4.3: Plot of the superficial strains in X direction, which is the direction of the applied load. 

  
 
 
 
  
 



